Background: According to only a handful of historical sources, Osmunda regalis, the royal fern, has been used already in the middle age as an anti-cancer remedy. To examine this ancient cancer cure, an ethanolic extract of the roots was prepared and analysed in vitro on its effectiveness against head and neck cancer cell lines. Methods: Proliferation inhibition was measured with the MTT assay. Invasion inhibition was tested in a spheroid-based 3-D migration assay on different extracellular matrix surfaces. Corresponding changes in gene expression were analysed by qRT-PCR array. Induction of apoptosis was measured by fluorescence activated cell sorting (FACS) with the Annexin V binding method. The plant extract was analysed by preliminary phytochemical tests, liquid chromatography/mass spectroscopy (LC-MS) and thin layer chromatography (TLC). Anti-angiogenetic activity was determined by the tube formation assay.
Background
Head and neck squamous cell carcinoma (HNSCC) is one of the leading causes of cancer death worldwide. According to an analyis in 2009 of over 3000 cases of primary head and neck tumours in Germany 2009, the outcome has not improved significantly from 1995 to 2006, despite new treatment strategies. Especially the 5-year overall survival rate for carcinomas of hypopharyngeal origin is very low with 27.2% [1] . The cure of head and neck cancer is predominantly influenced by the stage of metastasis and the mode of invading the surrounding environment (for review see [2] ). HNSCC predominantly metastasize into locoregional lymph nodes rather than to other organs.
Combined chemotherapy and radiation is meanwhile commonly used for advanced head and neck cancer in order to preserve laryngeal and/or pharyngeal structures. Paclitaxel is one of the agents used with high response rates, however it failed to reach a local-regional tumour control in 12% of patients according to a previously published study [3] .
Osmunda regalis, the royal fern, is a largely forgotten medical plant. One very early source for the use of Osmunda regalis roots in the treatment of ulcers originates from the middle-age surgeon Hieronymus Brunschwig. "Das kleine Destillierbuch" was published in 1500 in Straßburg [4] . Furthermore Osmunda regalis was mentioned in Jonathan Hartwells compendium "Plants used against Cancer" [5] , where he refers to a publication in 1849 of S.W. Williams on indigenous medicinal plants of Massachusetts [6] .
In 2011 Toji Thomas [7] proved an anti-bacterial effect of diverse extracts of Osmunda leaves. Osmunda regalis as an anti-cancer phyto-medicine has fallen into oblivion. No further investigations on this plant have been published to our knowledge. In this study we analyzed the influence of an Osmunda regalis ethanolic root extract on growth, behaviour and gene expression in head and neck cancer cell lines.
Methods

Cell lines and cell culture
The cell line FaDu originating from a hypopharyngeal carcinoma was grown with RPMI 1640 medium (Seromed, Munich, Germany), supplemented with 10% fetal calf serum (FCS). HLaC78 cell line originated from a larynx carcinoma [8] and was kept as FaDu in RPMI 1640 Medium. HLaC79 (larynx carcinoma, see above) cells were treated with 10 nM Paclitaxel. A taxol-resistant clone was isolated by selective trypsination of single clones. The permanent HLaC79 clonal cell line HLaC79-Tax was cultured in RPMI 1640 medium, supplemented with 10% FCS and 10 nM Paclitaxel.
Osmunda regalis ethanolic extract
Osmunda plants originated from the Botanical Garden of the University of Kaiserslautern (Germany). They were identified by Mr. Bernd Simon, who is a known expert for plant taxonomy. A voucher specimen was deposited at the Herbarium of the University of Wuerzburg; (Index Herbariorum Code: WB) under the number 2017_HNO001. The black roots (Fig. 1) were cleaned, dried and minced. The ethanolic extract was prepared as follows: 18.5 g of minced roots were homogenized in 30 ml 70% ethanol with a power homogenizer and subsequently agitated overnight at 37°C. After 14 days incubation with daily agitation, the supernatant was cleared by centrifugation and sterile filtration. The yield after centrifugation and sterile filtration was 20 ml. A 1 ml aliquot of the extract was dried by centrifugal evaporation. According to the weight of the dried substance the concentration of the extract was adjusted to 6 mg/ml with 70% ethanol. Aliquots of the stock solution were stored at −80°C. For experiments the stock solution was diluted 1:10 with culture medium without supplements (0.6 mg/ml). This working solution was finally diluted to 6, 15, 30, 60 and 90 μg/ml for MTT assays. One batch was used for all experiments.
Preliminary phytochemical tests
Phytochemical tests were performed as described [9, 10] . Tests used are summarized in Table 1 .
LC/MS analysis and MS data
LC-MS analysis was performed using a Shimadzu LC-MS-2020 mass spectrometer (Shimadzu Deutschland Fig. 1 Bulb of Osmunda regalis, composed of wooden sheets and black roots GmbH; Duisburg, Germany) containing a DGU-20A3R degassing unit, a LC20AB liquid chromatograph and SPD-20A UV/Vis detector. As stationary phase a Synergi 4 U fusion-RP column (150 × 4.6 mm; Phenomonex, Aschaffenburg, Germany) and as mobile phase a gradient of MeOH/water was used.
Parameters for the method: Solvent A: water with 0.1% formic acid, solvent B: MeOH with 0.1% formic acid. Solvent A from 0% to 100% in 8 min, then 100% for 5 min, from 100% to 5% in 1 min, then 5% for 4 min, The method was performed with a flow rate of 1.0 mL/min, UV detection was measured at 245 nm.
TLC analysis/sample identification
As samples for TLC, O. regalis extract and standards were used. They were applied to Silica gel 60 F264 plates (Merckmillipore.com), according to standard procedures [11] . As solvents ethyl acetate -formic acid -acetic acidwater (100:11:11:27) for flavones or toluene -ethyl acetateformic acid (50:40:10) for polyphenolcarboxylic acids were used. UV detection was performed at 365 nm.
The following standards were used: ferulic acid, apigenin (Extrasynthese, Genay, France), chlorogenic acid (Carl Roth, Rothenfels, Germany), rosmarinic acid and rutoside (Sigma Aldrich, St. Louis, Missouri, USA).
Cell viability and proliferation assay
Cells were seeded at 5000 cells/well in 96 well plates. O. regalis ethanolic extract (6 mg/ml) was diluted 1:10 with cell culture medium without supplements and subsequently further diluted. Cells were treated with increasing concentrations (0, 6, 15, 30, 60, 90 μg/ml) of Osmunda regalis extract for 48 h. After 48 h cell culture medium was removed and replaced by medium supplemented with MTT (1 mg/ml) [12] . Following 4 h incubation, isopropanol replaced medium for 45 h at 37°C. Colour conversion of the MTT reaction was measured at a wavelength of 570 nm. Relative toxicity was calculated as % surviving cells by setting control cells treated with vehicle as 100% surviving cells. Viability was calculated to the following formula: absorption Control cells (untreated)/100 * absorption treated cells.
Apoptosis
Apoptosis was measured with an annexin V-based test [13] . Annexin V binds to phosphatidylserin, which is usually exposed on the inner surface of the plasma membrane. As an early event of apoptosis it is translocated to the outer surface. To differentiate between vital, apoptotic and necrotic cells, DNA-binding propidium iodide (PI), which is unable to pass the cell membrane, was used. Annexin V and PI positive cells indicate cells in the end stage of apoptosis or at necrotic/undefined cell death. FACS analysis was performed with a FACS automated system (BD FACSCanto, BD, Heidelberg, Germany), using the Annexin V-APC kit of BD Pharmingen (BD Biosciences, Heidelberg, Germany) according to the kit manual. In brief, HLaC78 and FaDu cells were treated with the EC 50 concentrations for 24 h, harvested and washed twice with cold PBS. Cells were then resuspended in 1 x binding buffer (0.1 M Hepes, pH 7.4, 1.4 M NaCl, 25 mM CaCl 2 ) at a concentration of 10 6 cells/ml. To 100 μl of this cell suspension 5 μl Annexin V-APC and 5 μl 7-AAD (included in the kit) were added, the cells were vortexed and incubated for 15 min in the dark. 400 μl of 1 x binding buffer was added. Within one hr. FACS analysis was performed at an excitation wavelength of 650 nm. Cells were analyzed by the corresponding Software (FACSDiva, BD, Heidelberg, Germany).
In vitro motility assays
Tumour spheroids were generated by seeding 5000 cells/well of HLaC78 and FaDu cells on ultra-low-attachment (ULA) 96-well round-bottomed plates (Corning, Amsterdam, Netherlands) [14] . For the migration assay spheroids of HLaC78 and FaDu were placed on different extracellular matrix substrates [15] . The surface of flat-bottomed 96-well plates were coated with 0.1% Gelatin, 5 μg/ml Fibronectin, 50 μg/ml Laminin, 50 μg/ml Collagen I (all from Sigma Aldrich, Taufkirchen, Germany) or 125 μg/ml Matrigel® (Becton Dickinson, Heidelberg, Germany) for 2 h at room temperature. Wells were washed twice with PBS and subsequently blocked with 1% bovine serum albumin in PBS for 1 h. On ULA plates for 2 days cultivated spheroids of both cell lines were transferred to the coated wells with a multichannel pipette. Spheroids were incubated with or without O. regalis extract (EC 50 ). Migration was recorded by photographing spheroids after 1 and 24 h with a Leica DMI 4000 inverted fluorescence microscope (Leica Microsystems, Wetzlar, Germany). Quantification of migrated cells was carried out with the ImageJ software (National Institutes of Health, NIH, USA).
RNA extraction and RNA quality control
RNA was isolated with the RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. RNA quality was assessed with the RNA 6000 nano kit 
Tube formation assay
Using tube formation assays, the ability of endothelial cells to form three-dimensional capillary-like structures was analyzed. Ibidi angiogenesis-slides (15-well, Ibidi GmbH, Munich, Germany) were coated with growth factor reduced basement membrane extract (BME; Trevigen, MD, USA.). After polymerization of BME, the gels were overlaid with growth medium containing 10 4 HUVEC and 8 μg/ml Osmunda regalis extract. Cells were incubated for 6 h and images were taken. Evaluation of pictures was performed by Wimasis GmbH (Munich, Germany). For quantification, four parameters were analyzed: tube length, number of branching points, covered area and number of loops.
Statistical analysis
All statistical analyses and graphs were performed with Graph Pad Prism 6 (Graphpad Software, La Jolla, USA).
Results
Phytochemical analysis of the extract
Due to historical sources it wasn't clear, which parts of the plant had been used formerly. Williams et al. [6] used the "bulb" for production of an alcoholic extract. The bulb of Osmunda fern plants is composed of a hard wooden splintery part, surrounded by black roots (Fig. 1) . In a first attempt (data not shown) we tried to extract active ingredients from the wooden parts by shredding and extracting them in 70% ethanol for prolonged periods. The preliminary MTT results, however, were disappointing. Unlike the wooden bulb, the black roots proved to be much more promising.
Preliminary phytochemical tests of the extract revealed a quick overview over the substance classes, present in Osmunda root extract.
According Table 2 .
LC-MS analysis
LC-MS analysis of the Osmunda regalis ethanolic root extract displayed two major peaks at 6.3 min and 9.1 min in the UV chromatogram at 254 nm ( Fig. 2) with the percentage area of 50.8% and 22.9% and the corresponding masses of 864.15 (M1) and 480.3 (M2) respectively (Fig. 2) . All LC-MS peaks are displayed in Table 3 .
Sample analysis by thin layer chromatography (TLC)
Qualitative phytochemical analysis of polyphenolic acids present in the Osmunda regalis extract was performed by thin layer chromatography. The chromatographic image with polyphenolcarboxylic acid standards revealed a single blue band, which corresponded to ferulic acid (Fig. 3 ).
Cytotoxicity
The cell lines FaDu and HLaC78 were treated with increasing concentrations of O. regalis extract. Cell viability and cytotoxicity were quantified with the MTT assay (Fig. 3) . Mean percentage inhibition was calculated from at least three independent experiments. Osmunda regalis extract significantly suppressed the growth of HLaC78, FaDu, HLaC79 and HLaC79-Tax cell lines with increasing concentrations (1way ANOVA, p < 0.0001; Fig. 4 ). Mean effective concentration (EC 50 ) was higher in HLaC78 cells (21.4 μg/ml) than in FaDu cells (8.5 μg/ml), although HLaC78 resistance is not based on expression of pglycoprotein (Fig. 5) . HLaC79-Tax is a descendant cell line of HLaC79 with acquired resistance against paclitaxel and corresponding over-expression of p-glycoprotein [17] . Here, the EC 50 dose of O. regalis extract was higher in HLaC79-Tax (20.6 μg/ml) compared to the parental cell line HLaC79 (9.9 μg/ml). Expression of MDR-1 (coding for p-glycoprotein) is displayed in Fig. 5 .
Apoptosis
Osmunda regalis ethanolic extract clearly induced apoptosis in both cell lines at their EC 50 doses, as measured by FACS analysis with the AnnexinV-Test (Fig. 6) . In FaDu the extract revealed 7.9%, in HLaC78 10.3% early apoptotic stages after 24 h incubation with O. regalis extract. Results of the apoptosis assay are summarized in Fig. 6 .
Cell motility on extracellular matrix (ECM) proteins
Investigation of invasion and motility was carried out using spheroid-based experiments. In contrast to the commonly used Boyden Chamber assay this kind of invasion measurement proved to be reliable and reproducible.
Spheroids of both cell lines were grown in ultra-lowattachment-plate (ULA-plate) wells and subsequently transferred manually to wells, coated with different ECM substrates: Gelatin, Fibronectin, Laminin, Collagen I and Matrigel® and treated with or without Osmunda regalis aqueous extract. Photographs of the cells were taken after attachment to ECM (1 h, t = 0) and after 18 h (t = 18).
For quantification of cells migration the areas of spheroids at t = 0 and t = 18 were photographed and outgrown areas were measured with ImageJ software (area calculation). For each condition (with or without Osmunda, HLaC78 or FaDu) 8 spheroids were measured.
For evaluation of cell motility the spheroid area at t = 0 was set at 100% and the percentage of invaded area was calculated.
O. regalis extract significantly inhibited invasion of highly invasive HLaC78 cells on fibroectin, laminin and matrigel. Invasion of FaDu cells was significantly inhibited on all substrates (Fig. 7) . A representative example for HLaC78 cells migrating on laminin with or without O. regalis extract is shown in Fig. 8 .
Gene expression
For analysis of expression changes caused by O. regalis extract in strongly invading HLaC78 cells, a spheroidbased invasion assay on laminin, which showed the strongest inhibition in both cell lines was performed. After 18 h invasion time, spheroids with or without O. regalis extract (2.14 μg/ml) were harvested and RNA was isolated. To analyse gene expression changes, Taqman qRT-PCR array plates for metastasis and cell adhesion molecules (Applied Biosystems, Darmstadt, Germany) were used.
Gene expression analysis of both PCR arrays in invading HLaC78 cells revealed a significant up−/downregulation of the following genes upon incubation with O. regalis extract (Fig. 9 ).
According to the taqman cell adhesion array 7 genes were significantly up-regulated ( Fig. 9 ): CLEC3B (coding for tetranectin), KAL1 (anosmin-1), MMP11, 15, 2 (matrix metalloproteinases), NCAM1 (neural cell adhesion molecule) as well as TIMP2 (coding for tissue inhibitor of MMP2). 20 genes were significantly down-regulated (Fig. 9) , among them several integrins (ITGA1, ITGAM, ITGB3), proteases (ADAMTS1, MMP1, 7, 10, 12) and further metastasis-relevant genes (CTGF -connective tissue growth factor, PPIA -cyclophilin A, SELP -P-selectin, TNC -tensasin C, THBS1 -thrombospondin 1, VCANversican).
Angiogenesis
Effects of O. regalis extract on angiogenesis were tested with the tube formation assay. Total tube length, total branching points, total loops and % covered area were quantified and revealed a statistical significant decrease of all tube formation parameters upon treatment with O. regalis extract (8.5 μg/ml; Fig. 10 ). Fig. 4 Cytotoxicity of Osmunda regalis ethanolic extract in increasing concentrations on HNSCC cell lines HLaC78 and FADU, and HLaC79/ HLaC79-Taxdetermined by MTT assay. Calculated EC50 Doses were 0.85µg/ml or 2.14 µg/ml for FADU or HLaC78 and 0.99 or 2.14 µgl/ml for HLaC79 and HLaC79-Tax, respectively, after 48 h incubation
Discussion
Osmunda regalis, the royal fern has fallen into oblivion as a traditional medical plant. Only a few sources mentioned this plant for the cure of ulcers in history [4] [5] [6] .
In the present study the effect of an ethanolic Osmunda regalis root extract was tested on different head and neck cancer cell lines.
According to a combined HPLC/mass spectroscopy O. regalis extract showed two major peaks at the masses of 864. 15 The masses 464 and 480 probably correspond to the antifeedant insect hormones ecdysone and ecdysterone/ ponasterone A, which have been described to be present in Osmunda japonica (Medicinal Plant Images Database of the Baptist University of Hongkong. (http://library.hk bu.edu.hk/electronic/libdbs/mpd/). Most abundant is an unknown substance with a mass of 864.15, comprising about 50% of total ingredients.
TLC analysis identified only one band in the extract, corresponding to ferulic acid.
O. regalis extract revealed a distinct growth inhibition in all cell lines. The significantly higher EC 50 in the HLaC79-Tax cell line, overexpressing MDR-1, suggests the involvement of p-glycoprotein in the elimination of active ingredients. The increased resistance of HLaC78, however, must be based on (a) different drug resistance mechanism(s) [18] against the ingredients of the O. regalis extract. An increased resistance of HLaC78 has never been observed before with plant extracts [19] or chemotherapeutics (data not shown).
In addition to growth suppression O. regalis extract strongly inhibited cell migration on diverse ECM substrates, even in the highly invasive HLaC78 cell line. Invasion was most distinctly inhibited on laminin-coated surfaces. Compared to gelatin, fibronectin, collagen or matrigel, migration on laminin was nearly abandoned in both cell lines by O. regalis extract. Ferulic acid might be at least partially responsible for the anti-invasive properties of the extract, as it has been reported to act anti-invasive in breast cancer in vitro models [20] .
Since HNSCC invasion comprises a finely tuned interaction network of factors involved in ECM production (such as laminins, collagens), degradation (proteases) and cell adhesion (integrins), the three-dimensional spheroid invasion model was chosen for the analysis of gene expression, involved, when cells are leaving the tight tumour-like tissue. Thus gene expression during spheroid invasion on laminin-coated surfaces with or without O. regalis extract has been compared with respect to cell adhesion related genes. Several genes involved in HNSCC invasion such as matrix metalloproteinases, laminin and integrins were down-regulated by O. regalis extract. According to the review of Iizuka et al. [21] , evaluating expression profiling studies in HNSCC, matrix metalloproteinases MMP-1, −3, −7, −10, −12 and −13 correlate with HNSCC tumorigenicity and progression. Here MMP-1, 7, 10 and 12 were down-regulated by O. regalis extract. ADAMTS1 (coding for a Disintegrin and Metalloprotease with Thrombospondin motifs) was down-regulated by O. regalis extract. High expression rates have been associated with tumor progression, metastasis and impaired survival in vivo in different tumor systems (for review see [22] ). Moreover ADAMTS1 and MMP1 play a role in bone metastasis of breast cancer cells [23] . Kuang et al. [24] identified FN1 (fibronectin), which was strongly suppressed by O.regalis extract, as one of the major up-regulated genes in head and neck cancer specimen.
PPIA, a further gene down-regulated by O. regalis extract and coding for Cyclophilin A, has been related to tumor progression and/or metastasis of a variety of cancer types (reviewed in [25] ). Expression of THBS1, coding for Thrombospondin1 was diminished by Osmunda. This protein seems to play a role in epithelial-mesenchymal transition (EMT), it has been shown to be up-regulated in melanoma cells of the most mesenchymal phenotype [26] . The role of the thrombospondins in cancer and metastasis however, is not clearly defined yet. There are several examples, where TSBH1 is responsible for enhanced growth or invasion, but also cancer systems in which TSBH1 had an inhibitory effect (reviewed in [27] ). The ECM glycoprotein tenascin C (gene locus TNC) has been shown to correlate strongly with metastasis. It promotes migration and invasion and high expression of TNC has been shown to predict poor clinical outcome in head and neck cancer [28] . TNC was strongly down-regulated by O. regalis extract. Similarly the proteoglycan versican, coded by the gene VCN seems to be involved in tumor progression and metastasis, as has been shown for renal cell carcinoma [29] . CLEC3B is one among the few genes, up-regulated by Osmunda, coding for tetranectin. This lectin has been shown to be under-expressed in both serum and saliva of metastatic oral squamous cell carcinoma (OSCC) compared to primary OSCC [30] .
In addition to growth and invasion inhibition angiogenesis was significantly inhibited by Osmunda regalis extract. Due to the nature of the tube formation assay this result is based on the effect of the extract on endothelial cells and doesn't provide information about angiogenesis in its 
